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Effects of Long-Term Nitrogen Dioxide
Exposure on Rat Lung: Morphological
Observations

by Kentaro Kubota,* Masataka Murakami,* Shinji
Takenaka,* Kiyoyuki Kawai,’ and Hiroko Kyono'

Rats continuously exposed to NO, at 0.04, 0.4, and 4.0 ppm for as long as 27 months were submitted to
morphological observation and electronmicroscopic morphometry of the lung.

At 4 ppm exposure for 9 months, bronchial epithelium showed typical proliferation, which progressed
further at 18 months. At this stage, proliferation of type II alveolar epithelium and edematous extension
of interstitial tissue were evident and yielded fibrosis at 27 months.

At 0.4 ppm, morphological changes in 18-month specimens were still ambiguous, although a tendency
toward epithelial changes, as well as interstitial edema of the alveolar wall, was noticed under the electron
microscope. Slight but definite alteration of the epithelium became evident after 27 months. At 0.04 ppm
there were no remarkable changes throughout the entire exposure period.

The morphometry revealed concentration- and duration-dependent increases in arithmetic mean thick-
ness (AMT) of the alveolar wall. At 4 ppm, increase of AMT started as early as 9 months, became significant
at 18 months, and showed a slight decrease at 27 months. This decrease was interpreted as a recovery of
alveolar epithelium and decreased amount of septal edema, which in turn led to fibrosis. At 0.4 ppm, a
slight increase of AMT started at 18 months and extended significantly in 27 months. A similar but
insignificant tendency was found even at 0.04 ppm.

The morphological alterations were parallel to the concentration and duration of exposure. These find-
ings suggested that an intensive study should be conducted to confirm whether alterations were due to

prolonged exposure and/or due to elevated sensitivity of the aged lung.

Introduction

When animals were exposed to high concentrations
of NO,, they died due to hemorrhage, edema, and cell
infiltration in the lung. The study of long-term NO,
exposure is important for elucidating the effects on hu-
mans exposed to polluting agents in the atmosphere
1,2).

There are a number of reports, including a series of
works by Freeman and his colleagues, concerning the
morphological effects on the lungs of relatively low con-
centrations of NO, for 1 month or longer (3-11). The
common fundamental lesions in these studies are found
mainly at both the airways and bronchopulmonary junc-
tion, and include: uneven arrangement, shortening, or
loss of cilia in ciliated epithelium, and hypertrophy, hy-
perplasia, and hypersecretion of nonciliated epithelium;
fibrous thickening of connective tissue at the terminal
end of air tracts; and damage and desquamation of type
I epithelial cells and subsequent proliferative response
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of type II epithelial cells. Extremely high levels of NO,
exposure induced emphysema (3-6,8,10,11), and the
pathological findings in the lung from this disease were
reported (12-14). There were, however, very few re-
ports on effects of NO, at a low level over a lifetime
under well-controlled experimental conditions. More-
over, the usual descriptive pathology is insufficient to
evaluate the degree of such mild or focal lesions caused
by ambient levels of NO, concentration and to compare
studies.

The experimental methods used in this study included
not only ordinary light and electron transmission mi-
croscopy, but also electron microscopic morphometry as
described by Weibel et al. (15,16) to obtain quantitative
data on pathological findings (17-21). Pathological
changes were evaluated objectively.

Materials and Methods

Experimental Conditions

Animals. Two-month-old male rats of JCL/Wistar
strain (SPF) were exposed continuously (24 hr/day) to
three concentration levels of NO, (0.04 + 0.008, 0.40
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FIGURE 1. Terminal airway from a rat exposed to 4 ppm NO, for
18 months. Typical picture of continuous NO, exposure with hy-
pertrophy and proliferation of the epithelium of terminal airway.
X 40.

+ 0.04, and 4.0 = 0.4 ppm) for 9, 18, and 27 months.
One group served as a control. The exposure procedure
and the time course of the survival of exposed animals
in the present study were reported in detail previously
by Sagai et al. (22). Three or four animals selected ran-
domly from each group were used for morphological
observation and electron microscopic morphometry.

Serological Examination. Serological testing such
as complement binding response was conducted for the
serum of all experimental rats at the time of the ex-
periment in order to detect any trace of lung infection.
A few animals showed an increase of antibody response
to B. bronchoseptica and Sendai virus; the positive ra-
tios for all experimental animals were 7.9 and 1.2%,
respectively. Nevertheless, pathological changes in-
duced by infection were not observed in the lungs of
any animals. The indices of electron microscopic mor-
phometry of the lungs of all control animals measured
at each exposure time were within the normal range.
These findings confirmed that no pathogenic microbes,
including those causing respiratory infection, altered
the lungs of rats used in this study.

i)

FIGURE 2. Terminal airway from a rat after exposure to 4 ppm NO,
for 27 months. Hypertrophy and proliferation of the bronchial
epithelium as well as thickened alveolar duct (AD) are remarkable.
X 40.

Morphometry Procedure

Tissue Preparation. The thorax was opened under
anesthesia with sodium pentobarbital. Ice-cold isotonic
glutaraldehyde fixative (1.5% glutaraldehyde in 0.088
M cacodylate buffer at pH 7.4 with 1.5% dextran, os-
molarity 330 mOsm) was dropped from a height of 20
cm and was instilled through a needle inserted in the
trachea in situ, and at the same time depletion was
accomplished by cutting the femoral artery. Subse-
quently, the lung was filled with the fixative and fully
re-enlarged inside the opened thorax. When the in-
serted needle was withdrawn, the excess fixative over-
flowed, leaving the lung fixed at about 50% volume level
of total lung capacity. Vertical slices of about 2 mm
thickness through the hilar region of the lung were cut
and fixed overnight in the same fixative. The slice was
cut into 10 to 15 pieces and postfixed with 1% OsO,
solution for 1 hr. Dehydration began with 70% alcohol;
the tissue was then passed through propylene oxide and
embedded in Epon 812.

The remaining portions of lung tissue were prepared
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FIGURE 3. Tissue from the bronchial terminal after exposure to 4 ppm NO, for 27 months. Proliferation of nonciliated epithelium and increase
of collagen (Cl) are remarkable. Moderate amounts of residual bodies (RB) with osmiophilic inclusions and lysosomes appeared in the
cytoplasm of nonciliated epithelium. Prominent rough surface endoplasmic reticulum in the nonciliated epithelium coincided with enhanced
basophilic staining with hematoxylin in light microscopic preparations. (SM) smooth muscle; (BM) basement membrane.

as paraffin-embedded sections for light microscopic ob-
servation.

Sampling for Electron Microscopic Morphometry.
Lung sections from two rats of each group were used
for electron microscopic morphometry. Sections of 1 pm
thickness were cut from pieces of lung chosen randomly,
stained with toluidine blue, and screened under a light
microscope. Four blocks containing lung parenchyma
wide enough for morphometric purposes were chosen.
Thin sections were cut with a diamond knife, trans-
ferred onto the supporting grid (Maxtaform H,), and
stained with uranyl acetate and lead citrate.

As these sections covered 15 to 20 spaces of the sup-
porting grid, the lung areas were systematically re-
corded on electron micrographs at initial magnification
of X 2000 from the consecutive fields of grid corners,
and 10 grid corners were used for counting.

Alveoli adjacent to the ends of the terminal bron-
chioles and to the small blood vessels were excluded
from the counts, and alveoli at the more peripheral re-
gions were subjected to measurement.

Morphometry. Electron micrographs were pro-
jected to a final magnification of X 8000 on a screen by
the coherent multipurpose test system described by
Weibel et al. (15), and the arithmetic mean thickness of
the air-blood barrier (AMT) was measured. AMT was
measured for 80 micrographs per group, consisting of
10 micrographs from four sections each of two experi-
mental animals.

AMT was expressed without any correction for
shrinkage or elongation factors in the course of sample
preparation because the procedure used was the same
for all groups observed (20).

Volume Density of Alveolar Wall Components
(VAAWT). Volume density of each alveolar wall com-
partmental component was counted by the point count-
ing method. A test sheet containing 293 cross points
was placed on each micrograph and the number of points
distributed on each component counted. Student’s ¢-test
for the mean of 80 micrographs and x>-test for the pooled
sum of total points on each component of all 80 micro-
graphs were applied to evaluate statistical significance.

Mean Number of Alveolar Cells and the Volume
Density per Cell. A differential cell count was made
of all cells of the alveolar wall with visible nuclei in 80
micrographs in each group. Comparison of cell numbers
was made using the sum of cells per group appearing
in a unit area of section used. Volume density per cell
was calculated as the number of points per mean number
of cells with visible nuclei found in the measured area.

Results

4 ppm NO,

Typical morphological changes appeared in the lungs
of rats exposed to NO; at 4 ppm for 9 months. The
lesions were hypertrophy and hyperplasia of bronchial
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FIGURE 4. Tissue from a rat after exposure to 4 ppm NO, for 27 months. Proximal region of alveolar duct where the last cuboidal cell of
respiratory bronchiole is seen at upper right (—). Note greatly thickened basement membrane (BM), as well as increase of collagen fibers
(C1). Osmiophilic inclusion appeared in an interstitial cell («).

FIGURE 5. Alveolar wall from a 20-month-old rat (control for 18-month exposure). Note smooth surface of air-blood barrier and delicate thin
layer of basement membrane.
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FIGURE 6. Alveolar wall from a rat that received 4 ppm NO, for 18 months. Increased number of alveolar cells are remarkable. Extended
interstitium is filled with interstitial cells (IC), fibroblasts (F'), and collagen fibers (Cl). Note also proliferation of type II epithelial cells (Ep

11) with abundant lamellar bodies.

mucosa, and thickening of walls in the area through the
bronchopulmonary junction to the alveolar duct, with cell
infiltration and increase of Clara cells. These findings have
already been reported at various concentrations of NO,
and are thought to be typical of NO, exposure. The lesions
progressed according to the prolongation of exposure
(Figs. 1 and 2).

After 27 months of exposure, morphological changes
of bronchiolar mucosa remained on the same level as at
18 months; however, the lesions in the area from bron-
chopulmonary junction to the proximal alveoli pro-
gressed more severely, and the interstitial fibrosis and
hyperplasia of epithelium seemed to progress steadily.
Pathological changes in walls of the more peripheral
alveoli were obscure, and the alveolar structure was
maintained very well until 27 months of exposure, and
no emphysema developed.

Electron microscopic observation proved that various
components of alveolar wall changed depending on NO,
concentration and exposure periods. The following find-
ings were observed: hypertrophy of type I and type II
cells, increase of cellular organella, increase of homo-
geneous matrix of interstitial tissue, polymorphic
change of interstitial cells, increase of collagen fibers in

the interstitium, and heterogenity of endothelium in the
vasa. Intracellular edema, degeneration, and necrosis
were seldom found. Appearance of macrophages and
infiltration of inflammatory cells into the alveolar wall
were not conspicuous throughout the inhalation period
(Figs. 3-7).

Findings such as those described are too qualitative
and local to give an understanding of to what extent
and how the lesion developed. Morphometric quantifi-
cation helps to elucidate the time-course image of path-
ological change and the concentration-dependent change
clearly, in addition to facilitating an understanding of
qualitative morphological alterations.

The time course of alveolar lesions seemed to show
two phases: the first phase was from 9 to 18 months of
exposure, and the second phase was from 18 to 27
months. Various kinds of tissue components increased
in the first phase, but decreased in the second phase.

Phase 1. At 9 months, a decrease in cell number
(Fig. 8B) and an increase in cell volume of type I epi-
thelium (F'ig. 8C) were observed. As a result of these
changes, the comparative ratio of type II cell number
to type I cell number increased (Fig. 9).

At 18 months, an increase of cell number (Fig. 10B)
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FIGURE 7. Alveolar wall from the peripheral region of alveolus after exposure to 4 ppm NO, for 18 months. Thickening of air-blood barrier
is prominent compared with normal area at left side. Affected part of attenuated type 1 epithelium contains small vacuoles and vesicles
(Ep 1 —). Electron lucent vesicular structure appeared in the basement membrane underlying this epithelium (4).

and volume of type II cells (Fig. 10C), an increase of
interstitium (Fig. 11), and a change in the endothelium
were noticed. From these findings, it was assumed that
at 4 ppm NO, exposure, the change of alveolar walls
began as a change in type I cells and very slowly ex-
tended to type II cells and other cellular components.
The lesions of bronchial mucosa appeared in the early
stage of exposure, and the change of distal alveoli fol-
lowed.

Phase 2. Electron microscopy showed evidence of
recovery of the alveolar epithelium during months 18
to 27. However, the total volume of interstitial tissue,
including either cellular or noncellular components, de-
creased (Fig. 11), and electron micrographs indicated
that interstitial edema was replaced by collagen fibers
(Fig. 12A,B).

The de novo synthesis of fiber in interstitium did not
always mean complete recovery, and the possibility of
functional disturbance was also suggested. Accordingly,
the lesions of the alveolar wall were progressing to the
next pathological phase during this period.

It is evident that the lesions of the alveolar wall pro-
gressed very slowly under long-term exposure to 4 ppm
NO,. Some of the lesions of the alveolar epithelium ap-

peared to be repaired, whereas other lesions of the in-
terstitium were always progressive.

0.4 ppm

The lesion was generally milder than 4 ppm, and the
initial time was delayed. The morphological change of
bronchiolar epithelium, bronchopulmonary junction,
and alveolar walls was detectable at 18 months by elec-
tron microscopy (Fig. 13), but no definite morphological
change was discerned by light microscopy until month
217.

As evidenced by morphometric indices, AMT (Table
1, Fig. 14A,B) and various indicators concerning inter-
stitium (Fig. 11) increased according to exposure time.
Interestingly, alveolar epithelium showed a tendency
toward recovery at 27 months in the same pattern as
at the 4 ppm level (Figs. 8-10).

The lesions at the 0.4 ppm level corresponding to the
first phase at 4 ppm progressed very slowly, and the
degree of the alteration was emphasized with time,
though the degree of alteration was slight. After a fully
prolonged exposure period, the typical pathological le-
sion was seen.
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FIGURE 8. Changes in type I epithelium of the alveolar wall in NO,-
exposed rats. (O = 9-month exposure; 24 = 18-month exposure;
{0 = 27-month exposure.) (A) Total cell volume; (B) number of
cells; (C) volume per cell, or A divided by B. All values are ex-
pressed as percentage of exposed group to corresponding control
values.

0.04 ppm

The difference of morphological findings between the
control group and the 0.04 ppm-exposed group from 9
to 27 months could not be determined by light and elec-
tron microscopy. However, morphometric indices show-
ing the tendency of increment of AMT (Table 1, Fig.
14A,B), interstitial components (Figs. 11 and 15), and
the pattern of variation of alveolar type II cells (Fig.
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FIGURE 9. Numerical ratio of type II cells to type I cells of the
alveolar wall in NOg-exposed rats. ([J = 9-month exposed; & =
18-month exposed; [ = 27-month exposed.)

10) depending on exposure period suggested that re-
actions similar to those at the 0.4 ppm level were ex-
pressed in a milder form.

Discussion

Effects of Chronic NO, Exposure

Morphological findings in rats chronically exposed to
NO, were summarized in the “Introduction.” The char-
acter of lesions, particularly of 4 ppm groups, was the
same as reported in other studies (3-5,8,10). At the 4
ppm level or lower, we could not find any sign of in-
flammatory cell infiltration or enlargement of the lym-
phatic system, or emphysema.

Freeman et al. (5) and Stephens et al. (7 23) indicated
that typical lesions occurred in rats exposed to 2 ppm
NO; for 2 years. Compared with these results (5,7,23),
the lesions induced by 4 ppm were more severe. Furiosi
et al. (24) also found hypertrophy of bronchial epithelia
in rats exposed to 2 ppm for 425 days. Evans et al. (10)
reported that exposure to 1 to 2 ppm for life clearly
induced lesions of the epithelial lining of the airway,
although these lesions were not as severe.

Little work has been done on the effects of chronic
exposure to 2 ppm or less. Wagner et al. (25) reported
that they could not gain any positive results from sev-
eral species of rodents, including rats and mice, exposed
intermittently to 1 ppm for 6 hr/day or 5 days/week for
18 months. Their histological description also included
some inflammatory changes common to both experi-
mental and control groups. Exposure to 0.8 ppm for 33
months occasionally induced slight morphological alter-
ations in the small bronchiolar epithelia, but the result
was evaluated to be negative on the whole (4). Blair
(26) observed the emphysematous hyperextension of al-
veoli and the thickening of alveolar wall in the mouse
exposed to 0.5 ppm for as long as 12 months. However,
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FIGURE 10. Changes in type II epithelium of the alveolar wall in
NO.-exposed rats. ([0 = 9-month exposed; 7 = 18-month ex-
posed; [l = 27-month exposed.) (A) Total cell volume; (B) number
of cells; (C) volume per cell, or A divided by B. All values are
expressed as percentage of exposed group to corresponding con-
trol values.

lack of the typical lesion induced by NO,, appearance
of pneumonia, and inflammatory changes require pru-
dent interpretation.

Port et al. (27) exposed mice to 0.1 ppm NO, with a
2 hr peak of 1 ppm NO; daily for 6 months. The em-
physematous changes in the lung were dilated respi-
ratory bronchioles and alveolar ducts. Tissue destruc-
tion appeared and numerous broken and/or stretched

Jo
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FIGURE 11. Total volume of interstitium in NO,-exposed rats. ( (]
= 9-month exposed; 1 = 18-month exposed; [l = 27-month ex-

posed.) The upper portion of the bar represents noncellular ele-
ments; the lower portion represents cellular elements.

alveolar septa were seen with the scanning electron
microscope. Yamamoto et al. (28) exposed rats to 0.5
ppm and 1.0 ppm of NO, for 7 months. Changes in cilia
included swelling (0.5 ppm) and a decrease in number,
or loss (1.0 ppm). They also observed hyperplasia of
type II cells (0.5 and 1.0 ppm), decrease in number of
lamellar bodies in type II cells (1.0 ppm), and interstitial
edema of alveolar walls (1.0 ppm).

In the present study, at 0.4 ppm, the slight degree
of morphological alterations appeared later than 18
months and extended to the typical lesion at 27 months.
From these results, it was assumed that NO, exposure
to 0.4 ppm or more should certainly induce definite in-
jury to the lung tissue under long enough exposure pe-
riods.

Initial Lesions

In addition to long-term exposure at low levels, there
were some reports about lesions induced by low level
exposure for 2 or 3 months. Nakajima et al. (29) noticed
the proliferation of the terminal bronchiolar epithelia
and edematous swelling of alveolar epithelia in the lungs
of mice exposed to 0.5 to 0.8 ppm for 1 to 1.5 months.
Crapo et al. (30) exposed rats to 2 ppm NO, for 23 hr/
day with twice daily spikes of 6 ppm for 30 min each
for 6 weeks. Both the increased number and increased
thickness of alveolar type I cells were demonstrated
morphometrically. A 10 to 15% increase was found in
both interstitial cells and interstitial matrix. The num-
ber of alveolar type II cells increased by about 40%.

Kyono and Kawai (19) clearly detected the typical
lesions in lungs of rats exposed to 3 ppm or more for 1
month and the slight morphological alterations of bron-
chial epithelia and thickening of the alveolar wall at 0.5

ppm.
Terada et al. (31) exposed rats to 0.3 to 8 ppm NO,
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FIGURE 12. Alveolar wall from the peripheral alveolar region of a rat that received 4 ppm NO, for 27 months. (A) An area of interstitial
lesion with extraordinary varied thickness of basement membrane (BM) and deposition of very large collagen fibrils (Cl). Greatly thickened
air-blood barrier and reduced size of capillary lumen (Ca) are remarkable. (B) Note stellate appearance of some of the collagen fibrils (—)
in cross section. Collagen fibrils about two to three times the diameter of normal size fibrils (300 A) can be seen. (F) fibroblast; (Ca) capillary
lumen.
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FiGURE 13. Electron micrograph of the terminal airway after exposure of a rat to 0.4 ppm NO, for 27 months. Enlarged and abnormally
segmented nuclei of bronchiolar epithelia. Note extended submucosal connective tissue and greatly increased collagen fibers (Cl) at alveolar
duct (—), which followed the last nonciliated epithelial cell of respiratory bronchiole (NCE). (BM) basement membrane.

Table 1. Arithmetic mean alveolar wall thickness in rats
exposed long term to NO,.»

NO, Duration of exposure
concentration 9 months 18 months 27 months
Control 1.41 = 0.15 1.29 + 0.13 1.33 + 0.16

(100) (100) (100)
0.04 ppm 1.43 + 0.14 1.33 + 0.15 1.55 + 0.18
(100.9) (103.6) (116.5)
0.4 ppm 1.39 + 0.14 1.44 + 0.16 1.82 + 0.19*
(98.2) (111.9) (136.7)
4.0 ppm 1.50 = 0.18 1.71 + 0.16*  1.57 = 0.20
(105.8) (133.1) (118.0)

2Values for mean alveolar wall thickness are expressed as pm *
SE. Numbers in the parentheses are percent of the corresponding
control values.

*Statistically significant to the corresponding control values (p <
0.001).

for 1 week to 18 months. They reported that the lesions
in the middle-sized bronchi appeared at 1 week at the
4 or 8 ppm level, at 3 weeks at 2 ppm, and at 4 weeks
at 0.5 ppm NO,. The locus of the lesion extended toward
the distal airways as exposure time was prolonged.

These positive results from low-level exposure for a
short term suggest that the response of the lung tissue
at even the 0.5 ppm level should appear at a relatively
early time after exposure.

Recovery of Lesions

In our second experiment (32), rats were exposed to
0.04 to 0.4 ppm for 3 to 18 months. The very weak
responses, i.e., reduction of the number of extruded cell
and mild hypertrophy of the terminal bronchiolar lining,
continued throughout the exposure periods. The re-
sponses that appeared in the lung at 3 or 18 months
were stronger than those at 6 or 9 months. The re-
sponses after 6 or 9 months seemed to be weaker than
those at 3 months; therefore, the degree of respiratory
lesions in these periods did not correlate with the total
cumulative dose of concentration and time. Lesions
caused directly by NO, concentration were observed,
as well as lesions due to the aging of animals. Animals
maintained adequate level of responses, which were af-
fected by acquired tolerance under continuous low doses
of exposure.

Terada et al. (31) reported the typical mild alterations
of the epithelium in the middle to terminal region of the
bronchial tree of rats at 0.5 ppm level after 18 months
in a chronic inhalation experiment of NO, ranging from
0.3 to 1.0 ppm. Their results show a weak positive re-
sponse, but not a definite NO,-caused lesions at 0.3 ppm
at 3 or 18 months, although the alterations became
weaker after 6 to 12 months. Our findings are funda-
mentally in accord with these results.
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FIGURE 14. The values of AMT were measured by Weibel’s method (Table 1), and the increase of AMT is presented as percentage of control.
(A) Arithmetic mean thickness of alveolar wall. (B) Relative changes in alveolar thickness as compared with corresponding control values.

The response process of alveolar epithelium under the
continuous long-term exposure to NO, is a good example
for analyzing the passage of lesions induced by NO,.
Impaired type I alveolar epithelial cells were necro-
tized, desquamated, and replaced by the regenerated
type II cells shortly after the onset of NO; exposure
(9,10,33-36). In long-term exposure at 2 ppm and 0.5
ppm (37), the same phenomena in the alveoli were re-
ported (8). It is accepted that once these mechanisms
have started, the newly repaired epithelium shows tol-
erance to NO, (10).

In our present long-term study, the same phenomena
seemed to occur, and transformation of proliferated
type II cells into type I cells continued very gradually
during 27 months. On the other hand, the lesions of the
bronchopulmonary junction and of alveolar interstitium
were progressive, and thus accumulated gradually with
prolonged exposure.

The results of chronic exposure clearly indicate that
the degrees of respiratory lesions induced by NO, were
parallel to the concentration of NO, and progressed ac-
cording to prolongation of exposure.

Recovery at NO, Exposure of 0.4 ppm or Less. In-
formation was rarely available concerning the effects of
NO, on animals exposed continuously for a long time at
a concentration under 0.4 ppm. Hasegawa et al. (38)
found changes of some biochemical indices such as the

increase of blood glutathione level in rats exposed to
0.12 ppm for 1 month. Using part of the same specimens,
Kyono and Kawai (19) observed a trend of increase in
morphometric indices such as AMT. As the same result
was obtained when the experiment was repeated, a com-
pletely negative effect of NO, at 0.12 ppm was not ex-
cluded. If the values of these morphometric indices in-
creased as exposure time increased, definite lesions
would be expected.

The tendency of gradual increase of morphometric
indices found at 0.04 ppm level in the present experi-
ment was insignificant; however, it should be noted that
the trend was also observed in 0.4 or 0.12 ppm level.
This trend should be considered and investigated much
more intensively.

Aging and Lesions. One of the important results in
the present study was the relationship between the
progress of lesions and the aging of animals. Between
18 and 27 months, the lesions at the 0.4 ppm level be-
came distinet, and some of the morphometric indices at
0.04 ppm increased similarly.

Cabral-Anderson et al. (42) and Evans et al. (35) stud-
ied the relationship between aging and the progression
of lung injuries induced by NO; exposure. Aged rats
were more damaged than younger rats because of the
delayed onset of repair function to the initial injury;
however, older rats acquired similar tolerance to NO,
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FIGURE 15. Alveolar septa from the peripheral alveolar region after exposure of a rat to 0.04 ppm NO;, for 27 months. An increased incidence
of slightly thickened air-blood barrier (—) supports accumulation of minute changes in the alveolar wall. Electron lucent edematous space

and collagen fibers appear in the interstitium.

after the repair system was activated. The lung re-
sponse of 25-month-old rats was as high as that of 1-
month-old rats.

Age-related differences in sensitivity to NO, have
been noted recently (39,40). It has been reported that
lung impairment in neonatal mice and rats is slight,
while sensitivity increases in young adult animals (41).
Also, the onset of cell repair is slower in older rats
(35,42). However, little is known about the relationship
between the age of animals and effects on the lung of
lower concentrations of NO, (<1 ppm) and NO, at am-
bient air pollution levels.

Kyono and Kawai (19) performed electron microscopic
morphometry on the alveolar wall (excluding the alveo-
lar ducts) on the lungs of 1, 3, 12, and 21-month-old rats
exposed to 0.1 to 10 ppm NO, continuously for 1 month.
The response of lung tissue to NO, exposure showed
age-related differences at exposure onset. Based on the
morphometric index, the reactivity was highest in the
1-month-old and decreased in order in the 3- and 12-
month-old, but increased again in the 21-month-old rats.
They reported that volume density of alveolar wall tis-
sue and surface area of alveoli and capillary lumen of
the groups (except for 12-month-old rats exposed to 0.1
and 0.5 ppm for 1 month) differed significantly from
control groups, which meant the increase of AMT.

Judging from these findings, aging probably has a

close relationship to susceptibility to NO, in rats. Mid-
dle-aged rats generally responded weakly to NOg, but
older rats responded strongly. It is fully expected that
the lesions induced by low concentrations of NO, be-
come stronger and that qualitative alterations may oc-
cur after 18 months due to the modified susceptibility
with aging.

Some changes in connective tissue in lung and slight
enlargement of alveoli were noted in rats after chronic
exposure to NO, (23,43). How and to what extent does
the continuous exposure to low level of NO, accelerate
the age-dependent thickening or fibrogenesis of alveolar
wall? These problems as a causative factor of emphy-
sema (44) in animals with a far longer life-span than rats
remains to be determined.
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gusa, and Takahiko Harada for their valuable help and discussion
during the experiments. Also, thanks are due to Ryoko Kawamura,
Yoshiko Sawada, Satoko Shimizu, Yoshiko Shinbo, and Kazumi Kano
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